I. INTRODUCTION
In the past few years, researchers have focused on the automated guided vehicle (AGV) trajectory tracking problems and different approaches have been discussed. Especially, the nonholonomic constraints of AGV have been taken into consideration. Normey-Rico et al. [1] have proposed a path tracking controller based on a robust PID algorithm. Their method uses a simple linearized model of the mobile robot composed of an integrator and a delay. They used an easy synthesis procedure and the obtained rules were similar to the Ziegler-Nichols method for PID controllers. Zhao et al. [2] were developed a suitable reference model based on the vehicle parameters for Autonomous vehicle by simplified bicycle model of an automobile. In addition, they used the adaptive PID control system for adaptability and stability. Tamogna and Kar [3] have proposed a control structure that makes possible the integration of a kinematic controller and an adaptive fuzzy controller for trajectory tracking control of nonholonomic mobile robots. In their method, adaptive controller used a Fuzzy Logic System for estimating the nonlinear robot functions involving unknown robot parameters for tracking Manuscript control of wheeled mobile robots. Huang et al. [4] suggested a high-gain observer based adaptive output feedback tracking control design scheme for nonholonomic mobile robots. They used observers to estimate the unknown linear and angular velocities respectively. Peng et al. [5] have discussed in the mobile device two subsystem, that is, nonholonomic mobile platform and holonomic manipulator subsystem. They derived a kinematic controller for two subsystem to obtain a desired velocity by Lyapunov functions. Also, they proposed a robust adaptive tracking controller and according to the Lyapunov stability theory, the tracking errors and adaptive coefficient errors are all bounded.
Although fractional order calculation has an old history besides all these developments, today it can be considered a new issue. Its onset is based on G.W. Leibnz (1695) and L. Euler (1730). It is presented basic math of fractional calculus [6] , solutions of fractional order differential equations [7] , [8] some provisions in the engineering of these systems [9] . Thus FOPI controllers are increasingly becoming popular and have been gained many working area especially in control applications [10] - [14] . Studies have shown that the fractional order systems can produce much better results than integer order system. The FOPI control is robust in systems including uncertainty. Therefore, it is necessary to determine the optimum parameters. For solution, it is presented the electromagnetism and evolutionary optimization algorithms [15] , fractional-order controller design using genetic algorithms [16] , particle swarm optimization algorithm [17] , an iterative optimization method according to nonlinear function minimization [18] , an auto-tuning method for the fractional order PI λ D μ controller using the relay test [19] . These proposed methods allow direct selection of the parameters of the controller through the knowledge of the magnitude and phase of the plant at the frequency of interest obtained with the relay test and a practical and systematic tuning procedure [20] .
In this paper, a FOPI controller and a well-tuned conventional PI controller are applied to experimental setup 
II. 4WD SSMR DESIGN
Four-wheel skid-steering mobile robot (moving on two dimensional plane with inertial coordinate frame) is depicted in Fig. 1 . The kinematic equations of the skid-steered mobile robot are derived as follows [21] - [23] . The vehicle has four fixed wheels and wheels are skidsteer motion and each wheel is driven by a Brushless DC motor through a gear box as shown in Fig. 2 . 
Pure rolling constraint:
where 'r' is radius of wheels, '2L' is the distance between the left and right wheels, r 
A. Obtaining the Transfer Function of BLDC Motors
Firstly, consider the equation of the DC motor to obtain the transfer function of the BLDC motor. The voltage equation and transfer function of DC motor can be expressed as [24] ,
where:
The transfer function is obtained using (12) and (13) 
We can simplify (22) considering the following assumptions:
1. m B is small and in that case its tends to 0, so,
If the negligible values are eliminated, (14) written as
by multiplying top and bottom of (15) by 
The electrical time constant
Substituting (18) and (19) into (17) 
so (18) and (19) indicate the difference between DC and Brushless DC motors. The mechanical and electrical constants are very important parts of motor model parameters. Given the symmetrical structure, the mechanical time constant (18) becomes [25] .
There is a symmetrical arrangement a three phases. Therefore, the mechanical and electrical constants become:
Also, using the electrical power and mechanical power equations; the relationship between e K and t K is expressed as follows: 
J R K
Using (20) 
where p is the fractional order which can be a complex number, however the constant p is related to initial conditions. There are several mathematical definitions to describe the fractional derivatives and integrals [6] , [7] . Between these definitions, here are two commonly used ones, i.e., the Grünwald-Letnikov (GL) and the RiemannLiouville (RL). The GL definition is
where [.] means the integer part, while the RL definition is given as
 is the Euler's gamma function, a is the initial time and t parameter is used when the differential and integral are taken. The general form of the fractional order PI controller is the PI  and its general transfer function is given as
where  is fractional order, 
Torque of the left front and back wheels
4WD SSMR speed and direction angle is calculated from the equation (2) and (3) given for left and right motors. Considering (25) and (26), v u and u  signals are generated by the controller to calculate the right and left reference torque. 
V. EXPERIMENTAL RESULT
In this section, the performance of the FOPI controller is achieved by comparing the speed and direction angle of 4WD SSMR with well-tuned PI controller results. The both controllers are executed on the 4WD SSMR shown in Fig. 4 . The 4WD SSMR is equipped with four fast response Brushless DC motors with incremental encoders counting 500 pulses/turn and speed reductions gear boxes and an industrial PC with DAQ. In order to show performance of the proposed controller, three experiments have been conducted and results are shown in Fig. 5-Fig. 7 .
In the first experiment, a sinusoidal speed and sinusoidal direction angle references are chosen for testing FOPI and PI controllers. As shown in Fig. 5 , the both controller have similar responses and the maximum percentage errors of sine wave reference for FOPI is 4.1 % and for PI is 5.9 % respectively. Due to chosen a reference signal which slowly changing over time the percentage errors are close to each other. As it can be seen from figure, at the start of the mobile platform movement, the direction angle error of both controllers is higher than speed error. This causes by slippage between the wheel and the ground floor. If we disregard the error occurred at the starting point of sine wave, the maximum percentage errors of sine wave reference for FOPI is 1.43 % and for PI 1.17 % respectively. In the second experiment, speed reference is a square wave and direction angle is chosen as sine function for control of 4WD SSMR. The square wave reference is important to test the performance of the controllers for step changes. It can be seen from Fig. 6 that, when the square wave reference changes, PI gives 0.16 sec rise time with having 24.53 % overshoot while FOPI gives 0.29 sec rise time with having 4.8 % overshoot which is obviously much better. Additionally, when the speed is fixed at 2 m/s both controllers displays same steady state performance. On the other hand, if we disregard the error occurred at the starting point of sine wave, the maximum percentage errors of sine wave reference for FOPI is 1.51 % and for PI 1.26 % respectively.
Finally, a sawtooth wave speed and sinusoidal direction angle references are chosen. In Fig. 7 , it is observed that, when the sawtooth wave reference sudden changes, PI gives 0.23 sec rise time with having 14.44 % overshoot while FOPI gives 0.41 sec rise time with having 3.84 % overshoot which is smaller than PI. In a similar way, the maximum percentage of errors of the sinusoidal direction angle reference for FOPI is 1.47 % and for PI 1.21 % respectively.
VI. CONCLUSIONS
In this paper, an experimental study on the application of FOPI controller to a four-wheel skid-steering mobile platform under the different references was presented. In order to show the effectiveness of the FOPI a well-tuned conventional PI controller is also applied. The experimental results show that the FOPI controller shows better steady state performance with having less overshoot and smaller speed error when it compared to the responses of PI. On the other hand, PI gives fast rise time than FOPI and direction angle errors of both controller is similar because of using same reference and slippage between the wheel and the ground floor. To conclude, the applied FOPI controller results in better responses than PI controller to control the speed and direction angle of the vehicle under changing references.
